We present a case of microcephaly associated with Zika virus (ZIKV) in a chronological, multimodal imaging approach, illustrating the hallmarks of this disease on intrauterine morphological ultrasound, transfontanelar ultrasound, computed tomography (CT) and magnetic resonance imaging (MRI). We also determined the serological e immunological status of the mother and newborn. Noticeably, there was evidence for maternal infection by ZIKV, cytomegalovirus (CMV), herpes simplex virus (HSV), dengue virus (DENV) and Toxoplasma gondii, which indicates a possible role of previous exposures to STORCH agents and possibly comorbidities in the severe fetal congenital manifestation.
Introduction
Zika virus (ZIKV), a flavivirus, was isolated in 1947 in Uganda [1] . The virus is vectored by several Aedes mosquitoes [2] . ZIKV, caused sporadic human infections until 2007, when it caused an epidemics in Micronesia [3] . Latter in 2013, it caused an outbreak in Tahiti, French Polynesia and later in New Caledonia and the Cook Islands in 2014 [4] . It arrived in the Americas possibly in 2013-14 [5, 6] . ZIKV is now causing outbreaks in Brazil, and several other countries in south and Central America. Cases started to be reported in in the Northeast of Brazil during March 2015, and the virus has been reported in most States in Brazil [7] .
Importantly, a 20-fold increase in the notifications of newborns with microcephaly was documented during the second semester of 2015 [8] . In 2015, the Health authorities in Brazil reported an increase in the incidence of cases of microcephaly that was then assumed to be a delayed effect of the 2014-2015 outbreak of Zika virus (ZIKV) in the Northeast of Brazil.
Microcephaly was then found to be associated with ZIKV infections, both in Brazil and, retrospectively, in French Polynesia. Later as the epidemic unfolded, the World Health Organization (WHO) declared ZIKV as a global health emergency in February 2016. The association of ZIKV and microcephaly was further confirmed by positive detection of the virus by RT-PCR only in the fetal brain sample [9] . More recently, arthrogryposis and several degrees of neuropathology, including encephalopathies, have been observed to associate with ZIKV infection. Herein we report a microcephaly case diagnosed by prenatal and postnatal imaging with evidence for maternal infection by ZIKV with a background of exposure to other pathogens.
Materials and Methods
Ethics Statement. We report a case from our quaternary care hospital. All patients received routine standard medical care. They were not submitted in any way to neither experimental exams nor treatment. This study was approved by our Institutional Review Board (IRB) and written informed consent, from the patient, was obtained for the publication of the images in the article. The research was approved by the Ethics Committee on the Research with Humans (CEPSH -Off.011616) of the Institute of Biosciences of the University of São Paulo.
Ultrasound. Obstetric images were acquired with a GE Voluson E8 and transfontanelar images were obtained with a GE Logiq E9 (GE Healthcare, Pittsburg, PA, USA).
Computed tomography (CT).
Images were acquired with a Brilliance 64 CT (GE Healthcare, Pittsburg, PA, USA) using a reduced radiation exposure protocol, compliant with the Alliance of Radiation Safety in Pediatric Imaging (The Image Gently Alliance) CT protocol recommendations. Post-processing of the CT data was performed with Philips iSite Radiology (Koninklijke Philips Electronics N.V., Netherlands).
Magnetic Resonance Imaging (MRI).
Images were acquired Optima MR360 Advance (GE Healthcare, Pittsburg, PA, USA) without sedation of the patient.
Real-time PCR. Samples of saliva, urine and total blood of the mother were taken to a level 2 laboratory for processing two months and 9 days after delivery. RNA was extracted from each sample using QIAamp UltraSens Virus Kit (Qiagen) or Trizol® reagent (Invitrogen).
Primers/probes used for ZIKV, Yellow fever (YF), Dengue virus (DENV) and Chikungunya (CHIKV) were previously described [3, 10, 11] . RPLA27 was used as endogenous control for the PCR reactions [12] . All assays were performed using the AgPath-IDTM One-Step RT-PCR reagents (Applied Biosystems). Enzyme-linked immunosorbent assay (ELISA). Viruses infections were determined by qualitative assays carried out with capture IgM and indirect IgG ELISA using a specific viral antigen for YFV, DENV, CHIKV and ZIKV, as previously described [13] .The titration of specific serum antibodies was made as previously described [14] , with an antigen adaptation. Sera were individually quantified for the presence of specific antibodies directed for ZIKV and DENV2 NGC virus particles.
Plaque reduction neutralization test (PRNT).
Because of the high degree of serologic crossreactivity among flaviviruses, the seropositive samples were tested for the presence of neutralizing antibodies using a PRNT protocol. PRNT tests were made separately for West Nile virus, ZIKV and YFV, as previously described [15] [16] [17] . To evaluate the presence of neutralizing antibodies for DENV in the sera from the patients, we performed an in vitro neutralization test against DENV2 NGC strain as previously described [18] . Plaques were counted and percentages of antibody-dependent plaque reduction with regard to non-immune control sera were calculated. Neutralizing titers were expressed as the serum dilution yielding a 90% reduction in plaque number (PRNT 90 T. gondii and CMV (Table 1) . Her rubella seropositivity was deemed irrelevant, since she was vaccinated on a previous gestation. On July 13th, at 22 weeks of gestation, she was diagnosed with an upper respiratory tract infection and received symptomatic treatment. On July 31st, morphological ultrasound showed minimal fetal pericardial effusion and microcephaly. At 32 weeks (09/21) of gestation, these findings were confirmed by the fetal medicine unit at USP and she was admitted to the quaternary care hospital. Additional obstetric ultrasounds were performed ( Figure 1 ) and showed developmental delay and microcephaly. Moreover, hypoplastic nasal bone, retrognathia, absent cavum septum pellucidum, periventricular calcification and ventriculomegaly were also observed. Fetal echocardiography was unremarkable. Noticeably, serology tests (Table 1) confirmed that she had IgG for CMV and HSV and a 32 fold increase in the anti T. gondii IgG titer and a 2 fold increase in the anti rubella IgG titer and the mother was found to be HIV-1 negative. A karyotype test was also performed, which revealed a 46 XX pattern, ruling out chromosomal disorders. At 38 weeks of gestation (11/03), she had a normal Cesarean delivery, without complications with an APGAR score 9/10/10, weighting 2275g, 40.5 cm in length and with a head circumference of 26.5 cm (three standard deviations (SD) below the reference value for the child's age). Congenital syphilis was ruled out because the child had a serum VDRL titer of 1:1 (inferior to the maternal titer of 1:2); negative cerebrospinal fluid (CSF) and urine for VDRL, unremarkable complete blood count (CBC) and whole body radiography (supplementary figure 1) . Immunohistochemical analysis of the placenta revealed no antigens for syphilis, CMV, adenovirus and HSV at the time of birth.
Serological testing, after 8 days after birth, indicated that the baby was IgG positive for T. gondii, HSV and CMV (Table 1) . Because anti T. gondii IgG comes from the mother, the continuous titer increase in time could suggest that she may have experienced a reinfection or reactivation of toxoplasmosis during pregnancy. Table 1 and Supplementary Figure 3) . Interestingly, these findings are in accordance with data shown in figure 7 , showing up to 7.5% of both Th1 and Th17 lymphocytes. This was corroborated by the higher amount of these cytokines in the supernatants when cultures were also stimulated with PMA + Ion, as depicted in figure 6 . Moreover, PBMCs also secreted significant amounts of IL-6, but no IL-10, an important anti-inflammatory cytokine. These results are critical because they demonstrate the functional profile of the mother´s T cells, which play a role in controlling viral growth by inducing an antiviral cellular, possibly during Zika infection [16] .
Discussion
Primary microcephaly. Fetal abnormalities were observed in ultrasonography from 12 out of 42 ZIKV-positive mothers (29%) in Rio de Janeiro out of a cohort of 88 mothers with and 88% of seroprevalence for DENV, but no exposure to STORCH agents were reported [19] . Herein we report one of the first cases of microcephaly in the São Paulo -the more densely populated area in Brazil -, shown to be associated with ZIKV by virus seroneutralization test. The definition of microcephaly varies according to age. In the prenatal setting, microcephaly is defined on Bmode ultrasound by an occipitofrontal circumference measurement 2 standard deviations (SD)
below the mean for a given age, sex, and gestation [20] . After birth, it is defined as a head circumference three standard deviations (SD) below the reference value for the child's age [21] .
Based on the evidence collected, we would argue that we present a primary microcephaly case, possibly resulting from abnormal brain development related to a developmental insult during the time-specific period (22 nd week) of major neural cellular migration, neuronal synaptogenesis and apoptosis [22] . At around the 32 nd week brain alterations appear to be noticeable, while the brain stem, cerebellum and posterior fossa, all of which are already well formed do not appear to affected. This was an obvious prenatal intracranial abnormality associated with a clinical picture of an infectious fetopathy as indicated by the serological, immunological and virological data presented.
Immunological context of pathogen-associated microcephaly.
A key finding was the preponderance of IFN-γ, confirming that the mother was indeed exposed to several pathogens that fit our observations of a complex infections profile. Humoral immune responses are well known for their capacity to neutralize viral particles and thus avoid cell invasion. In this context, antibody isotype switching [23] is mainly orchestrated by T helper cells subtypes, in which IFN-γ plays an important role during viral infections. It is noteworthy that cytotoxic T CD8+ lymphocytes are also able to secrete this cytokine, aside from their well known cytotoxic function [24] . Moreover, it is plausible to think that the increase in IFN-γ secreting T cells, may correlate with an increased pool of memory T cells, and less likely to acute responder lymphocytes. The increase in IL-2 secretion observed may also corroborate this possibility.
Probably, this seems to be the case as the mother had signs of previous infections by several different pathogens, such as syphilis, Toxoplasma gondii and CMV, HSV, DENV and possibly by ZIKV during pregnancy. Altogether, the presence of other pro-inflammatory cytokines, as TNF-α and IL-17, also indicate the status of the adaptive immunological response of the mother that, altogether, may correlate with the dystrophy in the fetal brain tissue, as both Th1 and Th17 cells can invade the central nervous system during neuroinflammation [25] . Besides, raise in IL-6 correlates both, with innate immune activation, as well as with Th17 expansion. On the other hand, IL-10, secreted by suppressive cells and macrophages, is hardly detected [26] . In fact, it has been demonstrated that IFN-γ activates microglial cells in order to restrain toxoplasma spread in the CNS [27] and also to stop CMV replication in mother-to-fetus infection experimental models [28] .
Distinct infectious etiologies of microcephaly.
With the exception of rubella, for which she was vaccinated, the mother was at some point exposed or infected by all other STORCH agents (i.e., syphilis, toxoplasmosis, cytomegalovirus and herpes virus), which are pathogens known to cause microcephaly and induce intracerebral calcifications [29] . Congenital syphilis is included in the STORCH agents list, and is known to cause congenital malformations. Herpes virus type 2 infection can undergo transplacental transmission, accounting for only a small fraction of congenital infections, usually associated to chorioretinitis and microcephaly and/or ventricular dilatation [29] . Damage to the placenta can lead to localized inflammation, which could result in localized disruption of the syncytiotrophoblast epithelium, facilitating infection of the fetus. In a cohort study, toxoplasmosis was the only risk factor with significant odds-ratio associated with ZIKV microcephaly in Brazil [30] , with a prevalence up to 80% in the South. Although the mother was immunocompetent, had immunity and amniotic fluid PCR negative to T. gondii, we observed that the she had a 32-fold increase of IgG titer against toxoplasma during pregnancy.
Moreover the child, at 8 days after birth, had even higher titers than those reported for the mother. As a consequence, it is possible that toxoplasma may have had a role in the clinical evolution of this case. It is well known that T. gondii associates with the protective epithelium in the placenta and can lead to a local inflammatory response. This process may recruit other immune cells, such as dendritic and placental Hofbauer cells. Fetal placental Hofbauer macrophages (HBCs) are known to be infected by RNA and DNA viruses and may lead to the infection of other placental cells helping the virus reaching the fetus [16, 31] . Moreover, the child's CT scan clinical data was also compatible with severe manifestations caused by congenital CMV and the mother was also seropositive for CMV. DENV has a prevalence that varies from 50% in the Southeast to more than 80% in the Northeast of Brazil. Therefore, the seropositivity for DENV we observed raises a question on the role of heterotypic antibodies produced by previous DENV infection, which could possibly facilitate, or enhance ZIKV infection in the placenta and in the fetus brain. Crucially, the associations we observed to DENV and possibly T. gondii were also present in the ZIKV-associated microcephaly case reported by Mlakar et al. [9] . Although a serologic study of 23 infants (out 88) with microcephaly from Pernambuco, did not indicated serologic evidence for TORCH infections [32] , 77% of the microcephaly cases observed in Recife are among poor low-income families, already exposed to poor sanitation, poor nutrition and illness, as reported by Brazilian health authorities. On the basis of evidence amassed so far, the Center for Disease Control and Prevention (CDC) has concluded that ZIKV causes microcephaly and other congenital malformations [33] .
Nevertheless, given the complex backcloth of STORCH pathogens and DENV infections we report here and given their high prevalence in Brazil, a possible role of STORCH agents in the congenital ZIKV syndrome needs to be addressed at the population level. Tridimensional (3D) reformatted lateral (D) and frontal (E) images using volume rendering (VR) algorithm demonstrate microcephaly. In D there is an evident skull deformity presenting as occipital protrusion, forming a "spur", and overriding parieto-occipital bones. In E, notice also the presence of prominent skin folds in high convexity. 
